Abstract-We investigated the Campi Flegrei caldera using a quantitative approach to retrieve the spatial and temporal variations of the stress field. For this aim we applied a joint inversion of geodetic and seismological data to a dataset of 1,100 optical levelling measurements and 222 focal mechanisms, recorded during the bradyseismic crisis of [1982][1983][1984]. The inversion of the geodetic dataset alone, shows that the observed ground deformation is compatible with a source consisting of a planar crack, located at the centre of the caldera at a depth of about 2.56 km and a size of about 4 9 4 km. Inversion of focal mechanisms using both analytical and graphical approaches, has shown that the key features of the stress field in the area are: a nearly subvertical r 1 and a sub-horizontal, roughly NNE-SSW trending r 3 . Unfortunately, the modelling of the stress fields based only upon the retrieved ground deformation source is not able to fully account for the stress pattern delineated by focal mechanism inversion. The introduction of an additional regional background field has been necessary. This field has been determined by minimizing the difference between observed slip vectors for each focal mechanism and the theoretical maximum shear stress deriving from both the volcanic (time-varying) and the regional (constant) field. The latter is responsible for a weak NNE-SSW extension, which is consistent with the field determined for the nearby Mt. Vesuvius volcano. The proposed approach accurately models observations and provides interesting hints to better understand the dynamics of the volcanic unrest and seismogenic processes at Campi Flegrei caldera. This procedure could be applied to other volcanoes experiencing active ground deformation and seismicity.
Introduction
Among the various geophysical phenomena associated with the transportation of magma within the shallow crust, there is ground deformation, which can be measured using both on-site (e.g., levelling, GPS) and satellite geodetic techniques (e.g., InSAR). In the brittle crust, strains are often associated with the occurrence of volcano-tectonic earthquakes. It follows that the joint analysis of ground deformation and seismicity represents a key method for monitoring active volcanoes (SEGALL 2013) . During the last decades, the exploitation of InSAR and GPS techniques greatly improved the spatial resolution and the continuity of geodetic data sets (DZURISIN 2006) . In addition, a large amount of active volcanoes are equipped with seismic networks, able to detect and locate local microseismicity (LEE and STEWART 1981; D'AURIA et al. 2011; TRAMELLI et al. 2013) .
Volcanic eruptions are often preceded by an increment in seismicity. Generally, stress changes associated with magma migration and intrusion are believed to cause these earthquakes (UMAKOSHI et al. 2001; PEDERSEN and SIGMUNDSSON 2004; SEGALL 2013; CANNAVÒ et al. 2014 ). For instance, various studies have shown that the migration of seismic swarms can be related to the intrusion of a dyke (TODA et al. 2002; RUBIN et al. 1998; BRANDSDOTTIR and EINARSSON 1979; PATANÈ et al. 2003) . In general, changes in the volcano-tectonic seismicity pattern can be quantitatively related to variations of the stress field having different origin (DIETRICH 1994; SEGALL 2013) . Geodetic or seismic measurements alone, allows putting only limited constraints to models of magma reservoir dynamics (SEGALL 2013) . In particular, the study of ground deformation alone suffers from a limited resolution in defining the geometry of magmatic bodies, and from an intrinsic ambiguity in the possible solutions to the geodetic inverse problem (DZURISIN 2006) . On the other hand, seismic study alone often do not allow a quantitative estimation of the stress field magnitude (ANGELIER 1990) .
Conversely, the joint inversion of ground deformation and seismicity data represents a robust and reliable approach to investigate the stress field beneath active volcanoes. For instance, joint analysis of the ground deformation and spatial pattern of P axes has been successfully applied to the modelling of magmatic sources at Mt. Etna (CANNAVÒ et al. 2014) .
Following a novel approach, we propose the quantitative determination of the spatial and temporal variations of the stress field within the Campi Flegrei caldera (CFc) by joint inversion of geodetic and seismological data.
Geological Background
The Campi Flegrei caldera (CFc) is a collapse structure, partially submerged, and located west of the city of Naples. Its shape is a consequence of two huge collapses due to major eruptive events: the Campanian Ignimbrite eruption (CI 40.6 ky, GEBAUER et al. 2014 ) and the Neapolitan yellow tuff eruption (NYT 14.9 ky, DEINO et al. 2004) (Fig. 1) . After the latter event, the area underwent three eruptive periods, between 12 and 3.8 ky , followed by a long period of quiescence until the last eruption: Monte Nuovo, 1538 CE. The activity of CFc in the last decades consisted mostly of seismic activity, significant gas emissions and intense ground deformation (CHIODINI et al. 2001; D'AURIA et al. 2011) .
In the last century, there were three major events of uplift in 1950-1952 (about 0.75 m), 1969-1972 (1.77 m) and during the period 1982-1984 (1.79 m) (DEL GAUDIO et al. 2010) . A period of subsidence started in 1985 and was interrupted by brief episodes of uplift in the following years (D'AURIA et al. 2011) . During the last uplift event (1982) (1983) (1984) , this area was also affected by intense seismicity. The aim of Figure 1 Map of the Campi Flegrei area with an outline of the major tectonic features. Legend (1) 50 m contour lines, (2) coast line, (3) seismic stations, (4) CI caldera rim, (5) NYT caldera rim, (6) rim of craters younger than 15 ka, (7) main fault traces, (8) trace of the N-S section discussed in Fig. 9 . Data from VITALE and ISAIA (2013) and ORSI et al. (1999) this work is to determine the spatial and temporal variations of the stress field within the CFc by joint inversion of geodetic and seismological data related to this last crisis.
Ground Deformation Data Set
The geodetic data set consists of about 1,100 optical levelling measurements referring to the interval [1982] [1983] [1984] [1985] . During this interval 13 surveys were performed, with a number of benchmarks ranging from a minimum of 18 (April 1983) to a maximum of 353 (January 1983). In Fig. 2a , we represent the planimetric distribution of benchmarks used between 1982 and 1985.
The ground deformation rate showed a marked increase during the first half of 1983, with an average uplift rate at benchmark 25A (black star in Fig. 2a ) of about 10 cm/month. During the second half of 1984, the rate started decreasing, reversing to subsidence since January 1985 (Fig. 2b) . The ground deformation shows a roughly radial bell-shaped pattern during the entire period (Fig. 2c) . However, a detailed comparison of the pattern during different intervals shows a slight change in the overall shape, in particular in the earlier phases of the crisis (Fig. 2d) .
Inversion of the Ground Deformation Data
The study of ground deformation on active volcanoes is essential to understand the dynamics related to both the magmatic and hydrothermal systems (SEGALL 2010) . Ground deformation at CFc has been the subject of various studies. In recent years, topics focused on the determination of the roles of the magmatic system and of the hydrothermal system as sources of ground deformation. BATTAGLIA et al. Vert. deformation (m) Jan. 1983 Dec. 1983 Jan. 1985 Radial distance (km) Jan . 1983 Dec. 1983 Jan. 1985 Normalized deform. 1982-1984 uplift was a penny-shaped crack with a radius of 2.4 km and at a depth of 2.6 km, probably filled with magmatic fluids. Similar conclusions were also drawn by WOO and KILBURN (2010) . On the other hand, the role of the hydrothermal system has been invoked as well, using both analytical (BONAFEDE 1991) and numerical (CHIODINI et al. 2003) means. In particular, limited uplift episodes occurring at CFc since 1985 have been ascribed to migration of hydrothermal fluids (GAETA et al. 2003; BATTAGLIA et al. 2006; D'AURIA et al. 2011; CAMACHO et al. 2011) .
Recently, D'AURIA et al. In this work, the inversion of the ground deformation data set has been performed using a hybrid non-linear technique. The ground deformation model used for the inversion is:
where the index k refers to the benchmarks and the index i to the optical levelling surveys; the term s k expresses the vertical deformation at the k th benchmark for a given source with normalised amplitude, and a i is the source amplitude at the time of the i th survey. The relationship between the source amplitudes and the data is linear. However, the term s k has a highly non-linear dependence from the source, even for very simple models (e.g., the Mogi point source). We have addressed this inverse problem by splitting the whole problem into a linear inversion procedure embedded within a non-linear optimization algorithm.
The linear inversion is aimed at determining the value a i given a source model s k . To reduce the effect of local biases on the data set, we consider all the possible differences at each benchmark k:
Substituting Eq. 2 in 1 and considering a specific source model s k , we obtain a system of linear equations in the form: d ¼ Ga, which we solve by computing a pseudo-inverse (G þ ) using the singular
2013
). Once source amplitudes have been estimated, we can easily compute the residual sum of squares for the considered source model:
To determine source model parameters, we have optimised the previous function using a genetic algorithm (SEN and STOFFA 1995) .
We have considered five different elementary source models, listed in Table 1 . The selection among the candidate models has been performed using the corrected Akaike Information Criterion (AICc) (BURNHAM and ANDERSON 2002) . The computation of AICc requires the knowledge of the number of degrees of freedom (DOF) associated to the model. In general, we can write: DOF = 3 ? GDOF ? (NS-1), where 3 refers to the DOF related to the spatial location of the source, GDOF are the DOF related to the geometry of the source, and NS-1 (with NS being the number of optical levelling surveys) are the DOF associated to the amplitude variations of the source. The term -1 appears because we must constrain the amplitude of the source term at the time of the first survey to be null (a 1 = 0).
The simplest model is the point source of MOGI (1958), which does not possess any GDOF. The MCTIGUE (1987) model takes into account the source radius and hence has one GDOF. The same holds for the FIALKO et al. (2001) penny-shaped crack model. The YANG et al. (1988) and OKADA (1985) models both The AICc values indicate that the Okada rectangular crack is the best suited from a statistical point of view (Table 1) .
In Fig. 3 , we summarise the results of the inversion. The red rectangle in Fig. 3d is the surface projection of the crack. It has an area of about 16 km 2 and its centre is at about at 2.56 km b.s.l. The crack is dipping slightly 9°toward the SW. A comparison of observed and synthetic data ( Fig. 3a) shows excellent agreement, and the average residuals for each survey show no systematic trends (Fig. 3c) . The average residuals for the benchmark (Fig. 3d) show a slight increase in the area E of Pozzuoli. These residuals are probably related to the presence of the Monte Olibano lava dome, whose mechanical properties strongly differ from the surrounding lithologies (ORSI et al. 1996) .
Given the Okada source model, it is very easy to derive the corresponding volumetric variation from the crack opening value (see Fig. 3b ). The final volumetric variation of the source is about 0.35 km 3 , which is of the same magnitude as small to mediumsized eruptions at CFc since 12 ky (0.01-0.1 km 3 )
(WOO and KILBURN 2010). 
Seismological Data Set
The bradyseismic crisis of 1982-1984 was characterised by intense seismicity, with about 16,000 recorded earthquakes and magnitudes ranging from about 0.5 to 4.2 (Fig. 4) (D'AURIA et al. 2011) . We have analysed 222 events that occurred at CFc in the interval of [1983] [1984] . One hundred and ninety-two events have been relocated and their focal mechanisms have been calculated using P wave polarities, using the FPFIT software (REASENBERG and OPPENHEIMER 1985) . Among these 192 events, 25 were previously unpublished. Each event has been relocated using a nonlinear probabilistic approach (NonLinLoc software) in a three-dimensional (3D) velocity model (D'AURIA et al. 2008 ). An additional 30 mechanism data sets have been retrieved from ORSI et al. (1999) . increase in both the seismicity rate and in the event magnitudes (Fig. 4a, b) . The pattern of the seismicity showed an almost stationary rate during 1984 with episodes of intense seismic swarms (e.g., the 1 April 1984 swarm, with more than 400 events occurring in less than 5 h). During the entire period, the Benioff strain release pattern roughly followed those of the ground uplift (Fig. 4c) , even if the former was slightly delayed (D'AURIA et al. 2011) . During the period 1983-1984, epicentres were located mostly in the area between the town of Pozzuoli and Agnano (Fig. 5) . Another more limited cluster of events was located within the Pozzuoli Bay ( The 192 re-analysed events have a number of Pwave polarities ranging between 6 and 19, with an average value of 8.6. In Fig. 6 , we plot the entire focal mechanism data set. Mechanisms show a very heterogeneous distribution among the different typologies. The Frohlich triangular plot shows that normal mechanisms (47 %) prevail on inverse and strike-slip mechanisms (23 and 30 %, respectively) (Fig. 6) .
In order to investigate the temporal evolution of the stress pattern in CFc, we split the focal mechanism data set into ten time intervals (A-J, see Table 2 ). Intervals A to I group data into time windows, while the interval J represents the entire data set and was processed in order to retrieve the overall stress field acting in the study area (see Sect. 6). The C interval partially overlaps the B one; it contains the event of 4 October 1983, the strongest of the whole crisis (M = 4.2) (Fig. 2b) . 
Inversion of Focal Mechanisms
A stress field acting on an intensely fractured rock causes the slip on fault planes oriented along mechanically favourable directions. Simple plotting of focal mechanisms and P-T axes density contouring is usually not enough to constrain the attitude of principal stress axes (MCKENZIE 1969) .
The application of stress inversion techniques is therefore required to make a reliable reconstruction of the actual stress field responsible for the genesis of the analysed faults. Several methods of stress inversion have been proposed (ANGELIER and MECHLER 1977; MICHAEL 1984 MICHAEL , 1987 GEPHART and FORSYTH 1984; RIVERA and CISTERNAS 1990; YAMAJI 2000; OTSUBO et al. 2008) .
Analytical methods are based on the Wallace-Bott hypothesis, stating that the shear traction applied on a given fault plane causes a slip in the direction and orientation of that shear traction, irrespective of the faults created in an intact rock or along a pre-existing fracture (WALLACE 1951; BOTT 1959; ANGELIER and MECHLER 1977; YAMAJI 2007) . Following this hypothesis, the inversion of the stress field is generally done, minimizing a function of the angle between the computed shear stress and the retrieved slip vector on every analysed fault (MICHAEL 1984; ANGELIER 1984 ANGELIER , 1990 HIPPOLYTE et al. 2012) . Stress field inversion techniques allow the determination of the principal stress axes attitudes, and usually also the Bishop's ratio u B ¼ r 2 À r 3 ð Þ = r 1 À r 3 ð Þ (BISHOP 1966), which is a relationship between principal stress eigenvalues that is useful to describe the shape of the stress ellipsoid.
Another class of stress inversion methods is based on a graphic approach. The simplest graphic approach to the stress inversion of a focal mechanism data set is the Right Dihedra Method (RDM; ANGE- LIER and MECHLER 1977) . The RDM allows the determination of a range of possible attitudes for the principal stress axes through the use of the stereographic projection technique (RAMSAY and LISLE 2000; HIPPOLYTE et al. 2012 ). RDM do not require an a priori selection of the real fault plane to respect to the auxiliary one. GAUDIOSI and IANNACCONE (1984) performed a preliminary analysis of focal mechanisms at CFc. They processed 15 mechanisms related to the interval April-December 1983 without using a stress inversion procedure, and maintained that no regional stress components seem to dominate the stress field in Campi Flegrei area. They related the observed seismicity only to magmatic processes acting in the Pozzuoli area. ZUPPETTA and SAVA (1991), applying an analytical stress inversion procedure to 49 focal mechanisms, retrieved for the CFc area an overall extensional stress field dominated by a sub-vertical r 1 and a NNE-SSW trending sub-horizontal r 3 .
In this work, we performed the stress inversion procedure, applying a recent formulation of the RDM proposed by D 'AURIA et al. (2014) . This implementation consists of an analysis of normalised moment tensors for the studied events. Following this approach, RDM can be expressed as: 
where h and / are the polar coordinates on the focal sphere, M k is the normalised moment tensor for the event k, b x k (h, /) is the position vector of the point on the focal sphere, and N is the number of events. The function RDM (h, /) varies between -1 and 1, with negative values corresponding to high probabilities of representing the actual r 3 (blue shades in Fig. 6 ) and positive values representing the actual r 1 (red shades in Fig. 6 ).
In Fig. 7 , we show the results of the RDM stress inversion performed on subsets of Table 2 . In particular, Fig. 7j shows the result of the RDM applied to the entire data set. It shows a well-defined r 1 attitude that appears sub-vertical, corresponding to a less defined r 3 , roughly sub-horizontal and trending NNE-SSW. RDM plot of individual subsets (Fig. 7a-i) generally show an agreement with the global pattern (Fig. 7j) , indicating a substantial stability in the stress pattern during the entire considered period. The comparison of results for each interval shows a certain degree of heterogeneity. To further constrain these results, we have applied another technique to the same dataset: the Multiple Inverse Method (MIM; YAMAJI 2000). Frequently, focal mechanism data sets are quite heterogeneous regarding stress fields responsible for their own genesis. Many methods aimed at the processing of heterogeneous data have been proposed (ANGELIER and MANOUSSIS 1980; ANGELIER 1984; YAMAJI 2000; OTSUBO et al. 2008) . Operating without a priori information, the MIM is able to separate stresses within data sets related to heterogeneous stress fields, but in which it is possible to find domains where the state of stress is uniform (YAMAJI 2000; OTSUBO et al. 2008) . MIM operates a resampling of the data set, through the construction of k element subsets. Every subset is inverted using a classical approach for stress tensor inversion (ANGELIER 1984; YAMAJI 2000) . Results are plotted as ''tadpole'' symbols on the unit sphere, and significant results are identified by clusters of tadpoles (OTSUBO et al. 2006) . MIM is able to manage focal mechanism Results of the Right Dihedra Method (RDM). As indicated by the colour scale, blue shades indicate a high probability of containing r 3 , while red shades indicate high probability of containing r 1 Vol. 172, (2015) Integrated Stress Field Inversion at Campi Flegreidata, without requiring the discrimination of a real fault plane with respect to auxiliary plane (OTSUBO et al. 2006; YAMAJI and OTSUBO 2011) .
In Fig. 8 , we show the results of the MIM over the intervals of Table 2 . An overall comparison of Figs. 7 and 8 shows that the results of RDM and MIM are in quite good agreement.
In Fig. 8j , we show the result obtained from the inversion of the entire focal mechanism data set (interval J in Table 2 ). It shows a strong clustering of tadpoles representing sub-vertical r 1 attitudes (Fig. 8j , left plot), corresponding to very low clustered subhorizontal r 3 tadpoles (Fig. 8j, right plot) located all around the primitive circle, with a slight prevalence of NNE-SSW clusters. The prevalence of green-to-blue clusters of tadpoles allows the evaluation of the prevailing Bishop's ratio values 0 \ U B \ 0.5. These results are in accordance with the RDM result (Fig. 7j) , and are useful to highlight the strong heterogeneity of the analysed data set.
The A subset consists of only seven focal mechanisms. The RDM shows that a well-defined subhorizontal r 3 , plunging toward NNE, corresponds to a poorly defined r 1 attitude (low plunge toward ENE, medium plunge toward WSW) (Fig. 7a) . The MIM results appear quite heterogeneous with a low clustering for both r 1 and r 3 axes (Fig. 8a) . The RDM for the B subset (Fig. 7b) shows that both r 1 and r 3 axes are defined quite well, with a r 1 plunging toward NNE and corresponding to a sub-horizontal r 3 trending WNW-ESE. The MIM inversion of the B subset shows that the data set is highly heterogeneous, possibly deriving from a superposition of different stress fields. The prevailing one consists of a r 1 medium to high plunging toward E, corresponding to a sub-horizontal N-S trending r 3 ; the corresponding U B (yellow to light green tadpoles) is about 0.5.
The RDM of the C subset (Fig. 7c) shows that the retrieved r 1 and r 3 axes attitudes is very similar to B, with r 1 areas extended toward high plunge values. The r 1 and r 3 axes attitudes retrieved using MIM (Fig. 8c) are very similar to those of B; the data set is dominated by a medium-high plunging r 1 dipping toward E, corresponding to a sub-horizontal N-S trending r 3 , and the corresponding u B tends to be higher than B (light green tadpoles), likely greater than 0.5.
The RDM solution for the D subset (Fig. 7d) shows a well-defined, high-plunge r 1 corresponding to a poorly constrained r 3 axis associated with areas extended along a great circle dipping toward ENE. The MIM applied to the same subset shows very similar results (Fig. 8d) . For the E subset, the RDM result shows quite good definition for the r 1 axis lowmedium plunging toward WNW, corresponding to a less defined r 3 , with blue areas extending along an E dipping great circle, with a poor prevalence of subhorizontal N-S trending values (Fig. 7e) . Also, in this case, the agreement between RDM and MIM is good (Fig. 8e) . RDM inversions for F, G and H subsets give similar results, compatible with a well-defined, sub-vertical r 1 , corresponding to a less defined low plunge r 3 trending NNE-SSW (Fig. 7f-h ). The MIM results for the same intervals show a higher variability of the r 1 , with a prevailing clustering comparable with RDM results (Fig. 8f-h ). The retrieved RDM results for the I subset show a welldefined r 3 plunging toward the west, corresponding to a poorly defined r 1 with areas located along a wide E dipping great circle (Fig. 7i) . On the other hand, the MIM results show a more clear distribution of clusters, with a prevalence of medium to high E plunging r 1 corresponding to a sub-horizontal NNE-SSW r 3 . The prevailing clusters are characterised by high values of U B .
Joint Inversion
The retrieved ground deformation source (Sect. 4) allows computing of the local stress field due to the inflation of the crack. In our case, this can be achieved by using an analytical formulation (OKADA 1992), but for general source models, numerical techniques (e.g., finite elements) could be used as well.
A more general model for the stress field acting in a volcanic area during unrest episodes is:
where r 0 (x) is the background stress field acting on the volcano before the unrest episode, a(t) is a timevarying function describing the temporal pattern of the ground deformation source (i.e., in our case, it is Results are represented as clusters of tadpoles for both r 1 and r 3 axes (equal area, lower hemisphere). The colour of tadpoles is representative of their / B value (see scales on the bottom). Every depicted r 1 tadpole (plot on the left) has a tail that allows retrieval of the corresponding r 3 in the plot on the right. The r 1 tail points toward the trend of the corresponding r 3 , and the length of each tail is inversely proportional to the r 3 plunge (see scale below); the same applies to r 3 for the plot on the right (YAMAJI and OTSUBO 2011) Vol. 172, (2015) Integrated Stress Field Inversion at Campi Flegrei 3257 just the crack aperture) and r M (x) is the perturbation of the stress field in the volcano generated by a reference source (i.e., a = 1). In Eq. 5, we assume that the stress field in the volcano is modulated by a scalar function a(t) according to a simple linear relationship. In detail, the background stress r 0 can be expressed as:
where r R is a stationary background regional field, r L (x) is the lithostatic load and a 0 is a constant that takes into account residual stresses deriving from previous unrest episodes arising from a similar ground deformation source. In the following, we assume that r L (x) is nearly isotropic and not contributing to the deviatoric stress field pattern. Under this assumption, we can rewrite Eq. 5 as:
In the previous expression, the function a(t) is already known from the inversion of the ground deformation data (Sect. 4), and the spatial pattern r M (x) can be computed easily for a given source model. The unknown regional field r R and the constant a 0 need to be determined from an independent data set. The focal mechanism data could be successfully used to accomplish this task.
As already mentioned in Sect. 6, the inversion of focal mechanisms provides an estimate of the stress tensor. Among the various inversion techniques, we consider the approach of ANGELIER (1990) , which consists of a minimisation of the difference between the slip vector s on each fault and the direction of the maximum shear stress s acting on it. In practice, the technique consists of searching the global minimum of the function
In the previous expression, s k represents the slip associated with the kth focal mechanism of the data set, n k is the corresponding normal vector to the fault plane, and n k is the stress vector acting on the fault surface (i.e., n k ¼ rn k ). We used a non-linear optimization technique over the model parameters m ¼ a; h; i; w; / B ; a 0 ½ , with a as the magnitude of r 1 , h the trend of r 1 , i its plunge, w the rotation of r 3 around the r 1 axis, U B as the Bishop's ratio, and a 0 is specified in Eq. 6. The first five parameters determine the regional stress tensor r R specified in Eq. 7. The non-linear optimization has been performed using a two-step algorithm, with the first step being a Monte Carlo search and the second an optimization using the NELDER and MEAD (1965) simplex algorithm. The results of the optimization are shown in Table 3 , expressed in terms of attitudes of r 1 and r 3 . To estimate the uncertainty of each parameter, we used a bootstrap approach (EFRON 1979; MICHEAL 1987) .
The results indicate that, together with the stress field related to volcanic processes, a weak background regional field acts on the area. The orientation of field is compatible with those retrieved by D 'AURIA et al. (2014) for the deeper seismogenic volume at the nearby Mt. Vesuvius volcano. The reduction in the misfit function resulting from considering the regional field is about 4 %. Nevertheless, the comparison between the modelled stress field and the results shown in Figs. 7 and 8 evidence that the contribution of r R is not negligible. It is worth noting that the value of the retrieved a 0 is close to zero, indicating that the effect of previous uplift events on the stress Table 3 Results of the joint inversion field at CFc had already almost completely vanished in 1982.
In Fig. 9 , we represent the temporal evolution of the modelled stress field beneath CFc. We have computed the theoretical stress field on a regular grid of 8 9 8 9 4 km, centred on benchmark 25A and with regular spacing of 250 m. In the first columns of Fig. 9 , we represent the orientation of r 1 and r 3 along a N-S cross-section (Fig. 1) , also contouring the magnitude of r 1 . In the second and third columns, the principal stress axes attitudes are plotted in stereographic projections. In the first period (Jan. 1983), the regional field is still dominant (Fig. 9a-c) . However, during the first half of 1983, the subvertical dip of r 1 becomes evident. This feature persists during the rest of the period. Moreover, the sub-horizontal N-S trending r 3 persists until 1985. It is important to note that the stress field generated by the volcanic source alone (last row in Fig. 9 ) is not able to reproduce the distribution of r 3 retrieved from the inversion of the focal mechanism data set (Figs. 7, 8 ).
Discussion and Conclusions
The inversion of the focal mechanism data set has been performed using two different approaches: the RDM and the MIM, with results summarised in Figs. 7 and 8. The overall results highlight that the stress fields acting in the CFc in the interval 1982-1984 are dominated by a well-defined, subvertical r 1 corresponding to a less defined sub-horizontal r 3 with a prevalence of NNE-SSW trends (Figs. 7j, 8j ). In particular, the MIM is able to correctly identify different clusters within each subset. A comparison of results of RDM and MIM shows good agreement (Figs. 7, 8) , and hence supports the reliability of the results. Moreover, we notice that there is good agreement between our results and those of ZUPPETTA and SAVA (1991) .
The non-linear inversion of the optical levelling data set has shown that the best-fit ground deformation source for the 1982-1984 interval is a simple sub-horizontal crack. This source is able to model most of the observed ground deformation (Fig. 3) . However, the stress field related to this source alone consists of a nearly subvertical r 1 and a quite scattered r 3 (Fig. 9m, n, o) .
In Sect. 7, we illustrated a novel approach for the joint inversion of the ground deformation and focal mechanism data sets. The key results are that the retrieved sub-vertical r 1 is mainly related to the effect of the ground deformation source; however, considering the pattern of r 3 obtained by both RDM and MIM approaches, an additional background field is required. The joint inversion used in this work allows the determination of the general features of this field, shich consist of a weak extensional N-S regional stress field driving the orientation of the r 3 axes (Fig. 9) . The orientation of this field is compatible with that retrieved at the nearby Mt. Vesuvius volcano . The regional field is dominant only in the first phases of the 1982-1984 crisis (Fig. 9a-c) . During the first half of 1983, the volcanic deformation source becomes prevalent over the regional background field (Fig. 9d-f ). This behaviour matches with the stress pattern inferred from focal mechanisms (Figs. 7, 8) , which shows only slight variations during intervals A-C (JanuaryOctober 1983). Since November 1983, the stress field pattern became quite stable with a sub-vertical r 1 and a sub-horizontal r 3 (intervals D-I in Table 1 ).
In conclusion, our results indicate that spatial and temporal variations of the stress field can be related to volcano dynamics and could be linked to the intrusion of fluids (possibly of magmatic nature) within a planar structure. Recently, MACEDONIO et al. (2014) evidenced how the intrusion of sills at a shallow depth can be a realistic model to explain volcanic unrest in calderas.
Our results also have implications for a better comprehension of seismogenic processes at CFc.
In the first column of Fig. 9 , we plot the magnitude of r 1 at different time intervals. It is evident how it is concentrated along the edges of the rectangular crack. This effect is well known for this type of source (OKADA 1992) . Comparing Fig. 9 with the hypocentre locations in Fig. 5 , we notice that earthquakes are grouped in two main clusters, whose positions roughly match the northern and southern edges of the ground deformation source (Fig. 3d) . TROISE et al. (2003) emphasised how Coulomb stress changes in relation to magmatic processesare important in determining the location of earthquake hypocentres at CFc. However, detailed study of the relationship between ground deformation and seismogenesis at CFc must take into account the effect of hydrothermal fluids that play a fundamental role in volcanic areas (BIANCO et al. 2004; D'AURIA et al. 2011) .
The technique proposed in this work could be applied to other volcanic contexts. We emphasise that the joint inversion of ground deformation and focal mechanism is more efficient than the mere comparison of the results obtained by the separate inversion. SEGALL et al. (2013) proposed a similar approach, which is based on the computation of Coulomb stress changes. They model the observed migration of earthquake hypocentres during dike propagation in volcanoes.
Finally, we emphasise that the CFc area is densely populated and hence subject to a high volcanic risk . The last bradyseismic crisis of 1982-1984 led to the temporary evacuation of most of the town of Pozzuoli because of the ongoing seismic crisis (BARBERI et al. 1984) . For this reason, a better understanding of the relationship between earthquakes and ground deformation at CFc is important not only from a scientific point of view, but also to support decision makers during the management of possible future volcanic emergencies in this area.
